Abstract. The design features of shredders and the type of feedstock have a decisive influence on the quality of the finished product and on the leveling of its granulometric composition. Inadequate quality of prepared feed reduces the effectiveness of using forage grains up to 30 %. For various species and age categories of animals and poultry, it is necessary to produce mixed fodders, nutritionally balanced and various in particle size. This article presents a methodology for assessing the efficiency of the process of grinding grain materials based on the actual performance of technological processes. The possibility of evaluating this indicator is achieved due to the differentiation of the mass of the finished crushed product into three fractions: the required size, non-hammer and grind, and the last two of them are substandard, requiring further impact on them. The proposed theoretical model characterizes this process from the qualitative aspect of its implementation. On the example of grinding characteristics of grain crusher "Zubrenok" it is shown how the technological process of grain grinding is estimated in accordance with the proposed method and allowed to detect about 28 % of the substandard fraction in the finished product, when its grinding module M = 2.1 mm corresponds to the zootechnical requirements of 1.8-2.6 mm. For comparison, the process of grinding grain in the hammer and rotor crushers and the correspondence of the State Standard product obtained in them are considered. Unlike the standard methods of evaluation by the grinding module and the degree of grinding, the actual effectiveness is more sensitive to changes in the granulometric composition of the finished crushed product.
Introduction
To ensure a better feed intake, all the nutrients in their composition must be given to animals in the most digestible form. There are mechanical, thermal, chemical and biological methods of preparation and preparation of feeds for feeding. The main operations of preparation of animal feed are cleaning, grinding, dosing and mixing. Grinding creates the conditions for the implementation of all subsequent technological operations [1] [2] [3] [4] [5] .
The science and practice of feeding animals and poultry has established that the effectiveness of mixed fodders depends not only on its balance in nutritional composition, the type and age of animals, but also on the particle size of the mixed fodders. Currently, there are both different studies and international norms that recommend and regulate the quality, size, nutritional content and other properties of the feeds, respectively [6] [7] [8] .
At the beginning of the new century, the Kansas State University in the USA conducted many studies to study the effect of the size of feed particles on the change in the productivity of pigs. It was found that young pigs, in contrast to pigs on growing and fattening, better chew food. The most preferred group of animals for obtaining a finer grinding feed is, therefore, pig fattening. Efficiency of feed improves as a result of improved digestibility of nutrients. In this case, the average daily weight gain of animals from reducing the size of the feed particles does not suffer. Typically, reducing the particle size reduces feed intake. Nevertheless, the optimum particle size is 500-700 microns. In pigs that received a grain portion of the feed, ground to a particle size of 500 microns, the efficiency of the feed increased by 6 %, in contrast to the pigs that consumed grains with a particle size of 900 microns. On the other hand, when the particle size of the crushed grain is reduced (for example, from 700 to 500 microns), productivity in feed production is reduced. To decide on the optimal size of the feed particles, you need to find a compromise between the degree of digestibility of the feed and the reduction in the productivity of the shredder. According to researchers at the Kansas State University, the optimal size of the grain particle feed is 700 microns (0.7 mm), which achieves a balance of swine productivity and the efficiency of the feed mill. But with fine grinding, along with spraying the feed components, its effectiveness decreases because of the rapid passage of finely divided particles through the digestive tract, diseases that occur in animals and birds, and feed losses [6; 7] .
The size of the feed particles is different for all species and age categories of animals. The requirements of the national standards of the Russian Federation apply to mixed fodder, obtained by grinding feed pellets to particles of a given size, and intended for feeding to agricultural animals [4; 8; 9] .
As the analysis shows, modern research does not fully correspond to zootechnical norms and current standards. So, according to scientists from the United States, the size of fodder particles for pigs is in the range of 500-900 microns, i.е. 0.5-0.9 mm, and according to State Standard R 54379-2011 the same feed should not contain more than 18-20 % of particles less than 1 mm of the total mass. Such inconsistency can be explained by different conditions of the animals, their type and age category, climatic conditions, farm volumes, feed varieties, types of machines for preparing feeds, and many other factors that determine the final requirements for the size of the particles of feeds received and their homogeneity.
Materials and methods
The initial data for the calculation and selection of the grain shredder are the type and quantity of the processed product to a given grinding module, depending on the species of the animals and their age category. In this sense, all shredders (crushers, mills, roller machines, etc.) should be universal. They must grind various types of feed materials and be able to regulate their degree of grinding. This is achieved by reconfiguring the equipment by changing the sieves, hammers, adjusting the speed of the working bodies, working clearances, changing the feed and other methods available in a particular design.
However, special attention in developing approaches to the efficiency and quality of the pulverized mass is deserved both by the method and by the evaluation of the work done by the grinders themselves. The methods used for estimating the degree of grinding, the grinding module, in our opinion, are rather crude and do not reflect the real picture of the realized processes. This is a weighty and relevant argument in the development of a method for evaluating the grinding process based on the modernization of existing ones and the introduction of new evaluation criteria, as well as the real ranges for their variation. According to State Standard, the fraction less than 1 mm should not exceed 18-20 % for most agricultural animals and poultry, regardless of their age category. At the same time large, medium and fine grinding is necessary for them, the value of which, according to the existing method of sieve analysis, is determined by the average value of the fractions of each range of fractions. In our opinion, this approach does not reflect the real picture of this important technological process.
On the basis of the analysis of earlier performed works, the technique for evaluating technical means when selecting them [1] deserves attention, the index of F pi -the actual performance of the i-th object:
where Y i -reliability of the technological process;
The physical meaning of the F pi indicator is that it shows how many reliable applications the object has for each unreliable, consistent and inconsistent with the established requirements, i.e. actual or actual result. It can be used to evaluate a variety of technological processes [1; 2] .
Regardless of the form of ownership and the size of the enterprise with the established structure of the herd and the type of animals, the grinding devices must ensure that the specified amount of work V tr is performed with the required quality determined by the grinding module M or the degree of grinding λ. Thus, a grinding machine for providing, for example, a daily rate should have a capacity:
where t r -duration of the net work of the crusher, h.
According to the current procedure, if the resulting grinding module M is within the specified range, the entire volume V o is considered suitable for further use. However, practical experience and additional studies [2] show that when working shredders (especially hammer crushers), a rather large number of dust particles appear, which impose additional requirements for the microclimate in the premises. But on the other hand, they can worsen the processes of digestion of animals or cause losses during transportation, handling and transportation operations.
The methodological approach to the evaluation of agricultural processes [1; 3; 5] and the theoretical analysis [2] showed that among the main factors affecting the efficiency of the grinding process, we can distinguish: the type of machine used; the type of material to be crushed with its inherent physicomechanical properties and the way it is divided into parts. This determines the energy characteristics of N у and the productivity of the crusher Q, as well as the quality of the crushed grain obtained, Fig. 1 .
Fig. 1. Factors on which efficiency of grinding depends
As can be seen in the figure, the efficiency of grinding is represented by the complex indicator E g , which takes into account not only the degree of refinement of λ, the grinding module M, the energy unit costs N у , including the productivity Q and the required power P, but also the actual productivity of the freezing process:
Thus, the efficiency of grinding according to the proposed method is estimated by each of the six proposed indicators separately, or by some coefficient that takes them into account in the complex.
Since, the process of separation of the material into parts is of a probabilistic nature, and by analogy with [1] it can be estimated as an indicator of the actual productivity of F r . Therefore, we decided to divide the volume of grinding V o into three fractions: a non-grinding V r , a milled (grinding) V n and a fraction corresponding to the zootechnical requirements V tr :
Then, as applied to the process of grinding grain materials:
where Н i -reliability of grinding (required size); 1 -Н i -unreliability of grinding (grinding and non-grinding).
The reliability of the grinding process can be represented by the ratio of the mass of the fraction of the corresponding given degree of grinding to the total ground mass:
. (6) A quality assessment of the actual performance of the grinding process (F r ) of grain materials can be presented in the following form:
Consider, for example, the grinding characteristics of the hammer crusher "Zubrenok" when grinding feed grain to a bird (M = 1.8-2.6 mm), constructed on the basis of sieve analysis data, three indicators M, λ, F r , assessing the quality of the grinding produced.
In Figure 2 the analysis of the distribution of the crushed fractions of the finished product with conventional indicators showed that the grinding module was M = 2.1 mm, the degree of crushing was λ = 2.2. When evaluating the obtained grinding result by the proposed method, it is evident that, according to the grinding characteristic, the milled and ground (V r + V n ) are 27.9 %, and the required fraction is 72.1 % of the total weight of the finished product V o . In this case, using formula (7), we obtain an index of the actual efficiency of the grinding process F r = 2.6. It should be noted that the obtained value of the grinding module M = 2.1 mm corresponds to the zoo technical requirements. According to the State Standard R 54379-2011, to ensure average grinding M = 1.8-2.6 mm, the homogeneity of the particle size distribution should be within not less than 80 %, or the fraction of substandard fractions satisfying the minimum quality index of the finished product should not exceed 19 %. Guided by the requirements of the State Standard, we will determine the normal value of the indicator of the actual effectiveness of the process of grinding grain materials by any type of shredder. It should be at least F r = 4.26.
As is known, the grinding module is determined by the species of animals and their age category, and therefore the intensity of the development of the organism, the absence of diseases, and the energy efficiency of technological machines will be determined by the equalization of the granulometric composition of the crushed grain. The indicator of actual performance in this case is not only more informative, but also more objective in assessing technical facilities and technological processes in general.
Transforming equation (5) with allowance for (6) we obtain:
Equation (8) can be used to determine the additional volume of work in order to provide the zoo technical requirements for the size of the feed, according to the initial data in this case:
In addition, using this estimate and believing that the factions of the finished product that are incompatible with the zoo technical requirements cannot be grinding or non-grinding, they can be excluded from the calculation of the actual volume of fodder mass meeting the specified requirements. Then the actual required volume of the product to ensure the initial conditions will be:
( 10) This means that to the mass of grain materials corresponding to the specified particle size V tr , it is necessary to add an additional part ∆V to provide the livestock with the necessary nutrients. The value of the additional weight of the feed depends on the indicator of the actual effectiveness of the process. The higher it is, the less additional mass of feed is required, thus the amount of grinding work will also be less.
Considering the equation (4), which corresponds to the mass balance of the finished product of the shredder, it can be stated that it is possible to replenish the missing mass of feed by grinding the non-hummock V n . This involves additional costs of resources, time and energy needed to separate this part and re-grind the source material. This operation is performed several times. Equating equations (5) and (10) under the condition that the volume of work performed in the limit must correspond to the given V f.tr , and carrying out some transformations, we obtain: Dependence (11) emphasizes the advantages of the proposed method and allows not only to assess the actual effectiveness of the grinding process, but also gives recommendations for improving the efficiency of this process. This is possible due to the decrease of the In index and the minimization of the I r index, which in aggregate will lead to an increase in the F r index and will allow to keep the actual costs at a minimum level with an almost 100 % compliance of the crushed mass by the qualitative criterion, that is, the equalization of the granulometric composition of the crushed grain material.
For the production test for the hammer crusher of the "Zubrenok" model, new hammers and sieves with a diameter of 3.5 mm were installed for the preparation of feed for poultry, which consisted of 35 % barley, 17 % oats, 24 % wheat and 24 % maize. Within 35 days, after each working week, we took samples of the ground mass of a 5 kg grain mixture. The weekly feeding of mixed fodder according to the needs of the peasant farm was 625 kg. Similar tests were carried out and based on the prospective design [10] of a horizontal rotary crusher.
Results and discussion
Let us compare the obtained data on the diagram of the distribution of the finished product in 3 fractions in Fig. 3 .
During the period of the experiment on the hammer crusher "Zubrenok" the amount of pulverized mass corresponding to the required grind size did not exceed 72 %. In this case, it is possible to regrind the chopper repeatedly, but this is accompanied by an additional amount of work and additional costs. Particles measuring less than 0.25 mm, averaged 24 % for the entire experiment.
For one ton of re-milled product, the fraction of required size averaged 961 kg in the rotor and 721 kg in the hammer mill. The analysis of the average parameters of the crushers showed that: 1. Particles smaller than 0.25 mm in the rotary chopper make up only 3.9 %, which is 4.5 times less than in the hammer mill;
2. The fraction of the required size on the average is 96.1 % versus 72.1 % in favor of the rotor crusher of the proposed design, and only a short crumb was present in the "Zubrenok" hammer mill. With a milling degree of 1.7 and 1.9, a grinding module of 2.5 mm and 2.1 mm, in a rotor and hammer mill, respectively, the crushed grain corresponds to zoo technical requirements and a specified grinding of 1.8-2.6 mm.
• However, when compared with the actual performance indicator, it is evident that in the hammer mill this value is F r = 2.6, which indicates the presence of 27.9 % unconsolidated fractions in the crushed grain mixture; • According to the State Standard R 54379-2011, to ensure the average grinding M = 1.8-2.6 mm, the homogeneity of the particle size distribution should be within the range of not less than 80 %, and F r should be at least 4.26.
Conclusions
1. The proposed method makes it possible to assess the quality of the grinding process by a more informative index of actual productivity (in comparison with the degree of grinding and the grinding module). 2. This technique can be applied to other technological processes of grinding, where the specified quality plays a key role and determines the energy intensity, labor intensity, productivity and the cost of production. 3. For homogeneity size of the particles of not less than 80 % when grinding grain materials F r should be at least 4.26.
